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ABSTRACT 

An infrared reflection-absorption spectroscopy (IRAS) technique has been 
developed to study the structure of adsorbed surfactant layers on coal. Owing 
to the optical properties of coal, negative as well as positive absorption 
bands are observed in the recorded spectra which depend on the angle of 
incidence (8) and the polarization of the incident radiation. Theoretical 
calculations make it possible to predict the changes in absorbance with 6 and 
polarization. These changes are a function of the optical properties of the 
coal and the adsorption layer. The application of the IRAS method to studies 
of the adsorption layer is presented for several systems, i.e., adsorption of 
sodium laurate and a nonionic surfactant on coal. In addition, the oxidation 
layer produced during low-temperature oxidation of coal has been investigated. 
The results obtained indicate that the IRAS method has an enormous potential 
for use in determining the structure of an adsorption layer on coal after 
different treatments. 

INTRODUCTION 

Systematic studies of coal structure have been carried out in recent 
years. Since coal is a mixture of various organic and inorganic compounds 
which are non-crystalline and mostly insoluble, the standard analytical 
methods of structural determination are of little use. Thus, spectroscopic 
techniques such as transmission infrared (1,2) and NMR ( 3 , 4 )  are usually 
applied to characterize the structure of coal and its derivative products. 

In most coal cleaning processes, such as froth flotation, the coal 
surface properties play an important role. Diffuse reflectance (DR) (5,6) and 
attenuated total reflection (ATR) (7 ,8)  in infrared, and x-ray photoelectron 
spectroscopy (XPS) (9) are very surface-sensitive techniques and, hence, have 
been used to study the coal surface. Nevertheless, the study of the surface 
structure of coal is very difficult because the recorded spectra are the sum- 
mation of the spectra of heterogeneous bulk coal and those of the surface layers. 

In the present paper, the structure of surface layers on coal has been 
studied using the infrared reflection-absorption spectroscopy (IRAS) tech- 
nique. To date most of the IRAS studies have been done to study metals 
surfaces (10-13) which strongly reflect the incident beam. Coal, on the other 
hand, shows low reflectivity relative to metals, and interpretation of the 
recorded spectra in terms of an oriented surface structure is more compli- 
cated. However, the theoretical analysis presented in this paper makes it 
possible to predict the changes in the absorbance of polarized light, which 
makes it easier to interpret the recorded spectra. Moreover, as shown in this 
work, the IRAS method provides a means of distinguishing the spectrum of the 
thin surface layer from that of the substrate, and provides a means of 
examining the flat surface of a large coal slab directly after treatment. 
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EXPERIMENTAL 

P r e p a r a t i o n  of  Thin Layer  

Coal s l a b s  10x30 mm i n  s i z e  were c u t  by means of a diamond wheel u s i n g  
w a t e r  a s  t h e  c o o l i n g  medium. The c o a l  sample w a s  from a P i t t s b u r g h  seam i n  
West V i r g i n i a .  Each specimen was wet-pol ished w i t h  emery paper  (No. 600 and 
1200) and washed i n  w a t e r  i n  an u l t r a s o n i c  ba th .  

For  t h e  s t u d y  of adsorbed l a y e r s ,  t h e  samples  were immersed i n t o  100 m l  
of 2 ~ l O - ~  M s o l u t i o n  of  nonylphenolpolyethyleneglycol e t h e r  w i t h  a pH of 7 .2  % 
0.2 f o r  5 m i n u t e s  o r  1 2  h o u r s ,  and f o r  I hour  i n  100 m l  of M sodium 
l a u r a t e  w i t h  a pH o f  6 .0  % 0.2 .  A f t e r  a d s o r p t i o n ,  t h e  samples  were removed 
from s o l u t i o n ,  d r y e d  a t  room tempera ture  and p laced  i n t o  t h e  FTIR s p e c t r o m e t e r  
t o  record  t h e  s p e c t r a .  

Low-temperature o x i d a t i o n  of  t h e  c o a l  specimens w a s  c a r r i e d  o u t  a t  125OC 
i n  a i r  f o r  a p e r i o d  of  24 hours .  The oxid ized  sample was examined spec t romet -  
r i c a l l y  and t h e n  t r e a t e d  w i t h  barium hydroxide (0.05 M )  t o  change t h e  s u r f a c e  
carboxyl  g r o u p s  t o  i o n i c  form. The spectrum of t h e  sample was recorded  a g a i n  
a f t e r  t h i s  t r e a t m e n t .  

The r e a g e n t s  u s e d  were nonylphenolpolyethyleneglycol e t h e r  ( T e r g i t o l  NP- 
9 ) ,  a n o n i o n i c  s u r f a c t a n t  o b t a i n e d  from Union Carb ide  C o r p o r a t i o n ,  w i t h  an 
average of 9 e t h y l e n e  g l y c o l  groups p e r  molecule .  The sodium l a u r a t e  was 
obta ined  from P f a l t z  and Bauer ,  I n c .  Both r e a g e n t s  were used a s  r e c e i v e d  w i t h  
no f u r t h e r  p u r i f i c a t i o n .  Double d i s t i l l e d  w a t e r  produced i n  an a l l - g l a s s  
s t i l l  was u s e d  i n  a l l  t h e  exper iments .  

Measurement 

The i n f r a r e d  s p e c t r a  were recorded  on a Perkin-Elmer Model 1710 FTIR 
spec t rometer  w i t h  a n  MCT d e t e c t o r  u s i n g  an e x t e r n a l  r e f l e c t i o n  a t tachment  
( S p e c t r a  Tech,  I n c )  w i t h  a s i n g l e  r e f l e c t i o n .  A w i r e  g r i d  p o l a r i z e r  ( H a r r i c k  
S c i e n t i f i c  Company) w a s  p l a c e d  b e f o r e  t h e  sample and provided p o l a r i z a t i o n  
s e l e c t i o n .  The s p e c t r a  were taken  a t  4 cm-l r e s o l u t i o n  by co-adding 64 s c a n s  
i n  t h e  4000-500 cm-I  r e g i o n .  
-log(R/Ro), where R and Ro a r e  t h e  r e f l e c t i v i t i e s  of  t h e  samples a f t e r  d i f f e r -  
e n t  t r e a t m e n t  and f r e s h l y  exposed c o a l ,  r e s p e c t i v e l y .  The t ransmiss ion '  
s p e c t r a  of l a u r i c  a c i d  and c o a l  i n  K B r  p e l l e t s ,  and ch loroform s o l u t i o n  of 
T e r g i t o l  NP-9 were prepared  and measured i n  t h e  s t a n d a r d  way. 

The u n i t  of  i n t e n s i t y  is g iven  i n  te rms  of 

C a l c u l a t i o n  of  Reflect ion-Absorbance 

F igure  1 shows a model of t h e  three-phase  system i n v e s t i g a t e d  and t h e  
i n t e r a c t i o n  of  an e l e c t r o m a g n e t i c  wave w i t h  t h e  system. The o p t i c a l  p roper -  
t i e s  of each  phase are c h a r a c t e r i z e d  by t h e  complex r e f r a c t i v e  index  hj = n j  + 
i k j ,  where n j  i s  t h e  r e a l  r e f r a c t i v e  index and k j  is t h e  a b s o r p t i o n  c o n s t a n t .  
The t h i n  f i l m  has  a t h i c k n e s s ,  d2.  

The t h e o r e t i c a l  c a l c u l a t i o n  of t h e  i n t e n s i t y  of an a b s o r p t i o n  band i n  t h e  
r e f l e c t i o n  s p e c t r a  is d e s c r i b e d  i n  s e v e r a l  papers  (14-17) .  I n  t h i s  paper ,  a 
r e c e n t l y  r e p o r t e d  ( 1 7 )  t h e o r e t i c a l  a n a l y s i s  was used .  The c a l c u l a t i o n  was 
made f o r  t h e  f o l l o w i n g  d a t a :  
a d s o r p t i o n  l a y e r  o f  l a u r i c  a c i d ,  n2 = 1.5 and k2 '  - 0 . 3  a t  1705 c m - l ;  and f o r  
t h e  a d s o r p t i o n  l a y e r  of a nonionic  s u r f a c t a n t ,  n2 = 1.5 and k2"= 0.38 a t  1103 
cm-l. 

f o r  ambient ( a i r )  n1 = 1 . 0  and k l  = 0; f o r  t h e  

The t h i c k n e s s  of t h e  adsorbed monolayer was assumed t o  be 5 ~ 1 0 - ~  m. 

I 

' I  
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The o p t i c a l  c o n s t a n t s  of  c o a l  were c a l c u l a t e d  t o  be 
a t  1800 cm-l. 
s p e c t r a  of K B r  p e l l e t s  of c o a l  and measurements of  t h e  r a t i o  of r e f l e c t i v i t i e s  
of  p- and s - p o l a r i z a t i o n  a t  d i f f e r e n t  a n g l e s  of  i n c i d e n c e .  These p a r t i c u l a r  
o p t i c a l  d a t a  f o r  t h e  t h r e e  phases  a r e  o n l y  approximat ions  of t h e  real v a l u e s  
and were chosen t o  s i m u l a t e  t h e  o p t i c a l  p r o p e r t i e s  of a d s o r p t i o n  l a y e r s  on  c o a l .  

RESULTS AND DISCUSSION 

n3 - 2 . 0 5  and k 3  = 0 .02  
These l a t t e r  d a t a  were o b t a i n e d  on t h e  b a s i s  of t r a n s m i s s i o n  

Adsorp t ion  of Nonylphenolpolyethyleneglycol E t h e r  on Coal 

The i n f r a r e d  t r a n s m i s s i o n  s p e c t r a  of t h e  c o a l  and nonionic  s u r f a c t a n t  
used i n  t h i s  s tudy  a r e  shown i n  F i g u r e s  2 and 3 ,  r e s p e c t i v e l y .  F i g u r e  4 shows 
t h e  r e f l e c t i o n  s p e c t r a  of t h e  t h i n  s u r f a c e  f i l m  o f  T e r g i t o l  NP-9 on t h e  c o a l  
a f t e r  1 2  h o u r s  of t r e a t m e n t  t i m e  i n  a 2 ~ l O - ~  M s o l u t i o n .  S ince  t h e  absorbance 
was measured i n  te rms  of  -log(R/Ro), any spectrum recorded showed t h e  e f f e c t  
of t h e  t r e a t m e n t .  I t  should  a l s o  be noted  t h a t  no  spectrum i s  recorded  a f t e r  
on ly  5 minutes  of t r e a t m e n t ,  i n d i c a t i n g  s low a d s o r p t i o n  k i n e t i c s .  It is shown 
t h a t  t h e  i n t e n s i t y  of t h e  a b s o r p t i o n  bands vary  w i t h  t h e  p o l a r i z a t i o n  and t h e  
angle  of  inc idence .  The n e g a t i v e  a b s o r p t i o n  bands observed i n  t h e  recorded  
s p e c t r a  a r e  n o t  unique f o r  t h e  sys tem s t u d i e d  i n  t h e  p r e s e n t  work. Others  
were t h e o r e t i c a l l y  p r e d i c t e d  (14 ,18)  f o r  low-absorpt ion s u b s t r a t e s  and 
observed e x p e r i m e n t a l l y  f o r  water  (16)  and cuprous s u l f i d e  (17)  s u b s t r a t e s .  

I n  o r d e r  t o  e x p l a i n  t h e  changes i n  IRAS s p e c t r a  observed ,  t h e o r e t i c a l  
c a l c u l a t i o n  of t h e  absorbance f o r  t h e  system has  been c a r r i e d  o u t ,  and t h e  
r e s u l t s  a r e  shown i n  F i g u r e  5. The s o l i d  l i n e s  r e p r e s e n t  t h e  changes  of 
absorbance (A) a t  1100 cm-l, a s  a f u n c t i o n  of t h e  a n g l e  of  i n c i d e n c e  f o r  bo th  
s - p o l a r i z a t i o n  (Al) and p - p o l a r i z a t i o n  ( A l l ) .  T h i s  c a l c u l a t i o n  was performed 
f o r  an i s o t r o p i c  l a y e r  of t h e  n o n i o n i c  s u r f a c t a n t .  The exper imenta l  p o i n t s  
o b t a i n e d  a f t e r  1 2  h o u r s  of a d s o r p t i o n  from t h e  ~ x ~ O - ~ M  s o l u t i o n  a r e  shown a s  
c i r c l e s  and c r o s s e s  f o r  s- and p - p o l a r i z a t i o n ,  r e s p e c t i v e l y .  I n  g e n e r a l ,  a 
r e a s o n a b l e  agreement between t h e  exper imenta l  r e s u l t s  and t h e  t h e o r e t i c a l l y  
p r e d i c t e d  v a l u e s  is observed .  F o r  s - p o l a r i z a t i o n ,  n e g a t i v e  a b s o r p t i o n  bands 
a r e  p r e d i c t e d  and,  i n  f a c t ,  on ly  n e g a t i v e  bands a r e  observed.  For s- 
p o l a r i z a t i o n  which has  e l e c t r i c  f i e l d  components which a r e  o n l y  p a r a l l e l  t o  
t h e  i n t e r f a c e  p l a n e  (F igure  l), only  t h o s e  molecular  groups  t h a t  have 
t r a n s i t i o n  moment components p a r a l l e l  t o  t h e  s u b s t r a t e  s u r f a c e  can  i n t e r a c t  
w i t h  t h e  inc idence  r a d i a t i o n ,  a l lowing  a b s o r p t i o n  t o  be observed .  The ' 
d i f f e r e n c e  between t h e  r e l a t i v e  i n t e n s i t y  r a t i o s  of t h e  observed  bands i n  IRAS 
(F igure  4 ,  s - p o l a r i z a t i o n )  and t r a n s m i s s i o n  s p e c t r a  ( F i g u r e  3 )  i n d i c a t e s  t h a t  
adsorbed molecules  a r e  o r i e n t e d  on t h e  s u r f a c e  of  c o a l .  

The same c o n c l u s i o n  c a n  be o b t a i n e d  from t h e  s p e c t r o s c o p i c  r e s u l t s  f o r  p- 
p o l a r i z a t i o n .  An i n t e n s e  a b s o r p t i o n  band is observed a t  1103 cm- l  f o r  p- 
p o l a r i z a t i o n  and a t  an 80-degree a n g l e  of i n c i d e n c e ,  w h i l e  t h e  c a l c u l a t e d  
v a l u e s  of absorbance ,  A , under  t h e s e  c o n d i t i o n s  i s  c l o s e  t o  z e r o  ( F i g u r e  5 ) .  
T h i s  d i s c r e p a n c y  c a n  be e x p l a i n e d  by c o n s i d e r a t i o n  of t h e  two components, Ell, 
and Ell,, of  p - p o l a r i z a t i o n  of t h e  i n c i d e n t  beam ( F i g u r e  I ) .  The t h e o r e t i c a l  
c a l c u l a t i o n  of t h e  Allx and Allz components h a s  been done i n  t h e  same way a s  
r e p o r t e d  r e c e n t l y  ( 1 7 ) ,  and t h e  r e s u l t s  a r e  shown i n  F i g u r e  5 as dashed l i n e s .  
According t o  t h i s  c a l c u l a t i o n ,  an i n t e n s e  p o s i t i v e  a b s o r p t i o n  band s h o u l d  be 
obta ined  a t  an a n g l e  of  inc idence  of 80 d e g r e e s  f o r  molecular  groups  which 
have t r a n s i t i o n  moments p a r a l l e l  t o  t h e  s u r f a c e  of  t h e  s u b s t r a t e .  S i n c e  t h e  
a b s o r p t i o n  band a t  1103 cm-l can  be a s s i g n e d  t o  (C-0-C) s t r e t c h i n g ,  t h e  
presence  of  t h i s  i n t e n s e  a b s o r p t i o n  band i n  t h e  recorded  s p e c t r a  i n d i c a t e  t h a t  

' t h e  p o l y e t h y l e n e  g l y c o l  p a r t  of t h e  adsorbed molecule  i s  p o s i t i o n e d  p a r a l l e l  
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t o  t h e  s u r f a c e  of t h e  c o a l .  However, t h e  nonylphenol u n i t  of t h e  adsorbed  
molecule  is i n c l i n e d  t o  t h e  p l ane  of s u b s t r a t e .  

Thin  Layer of L a u r i c  Acid on Coal 

The a d s o r p t i o n  was performed from M s o l u t i o n  of sodium l a u r a t e  a t  pH 
6.0 0.2. Under t h e s e  c o n d i t i o n s ,  t h e  r eagen t  e x i s t s  i n  s o l u t i o n  as l a u r i c  
a c i d  ( p K ~ 4 . 7 ) .  I t  was found t h a t  a s i g n i f i c a n t  p a r t  of. s u r f a c t a n t  was 
d e p o s i t e d  on t h e  c o a l  s u r f a c e  from a t h i n  f i l m  of s o l u t i o n  d u r i n g  d r y i n g  of 
t h e  sample. 

The r e f l e c t i o n  s p e c t r a  of t h e  t h i n  f i l m  of l a u r i c  a c i d  on c o a l  a r e  shown 
i n  F igu re  6 .  T h e o r e t i c a l  c a l c u l a t i o n s  performed f o r  t h e  c o a l - l a u r i c  a c i d  
sys tem (F igure  7 )  a l l o w  an e x p l a n a t i o n  of t h e  r e s u l t s  ob ta ined  i n  a s imilar  
way as  was d i s c u s s e d  f o r  t h e  non- ionic  s u r f a c t a n t .  G e n e r a l l y  good agreement 
is observed  between t h e  exper imenta l  d a t a  and t h e  t h e o r e t i c a l  a n a l y s i s .  T h i s  
agreement also s u g g e s t s  t h a t  t h e  l a u r i c  a c i d  molecules  i n  t h e  t h i n  l a y e r  on 
t h e  s u r f a c e  of c o a l  a r e  randomly o r i e n t e d .  Data p re sen ted  i n  F i g u r e  7 was 
c a l c u l a t e d  f o r  a t h i n  l a y e r  of 50 8. 
t h e  abso rp t ion  bands a r e  n e a r l y  5 t i m e s  h i g h e r  t han  t h o s e  c a l c u l a t e d ,  t h e  
t h i c k n e s s  of t h e  l a u r i c  a c i d  could  be cons ide red  t o  be  a s  t h i c k  as  250 I(. 
r e a l  t h i c k n e s s  of t h e  l a u r i c  a c i d  l a y e r  is p robab ly  much t h i n n e r .  Var ious  
reasons  f o r  t h e  d i s c r e p a n c y  between r e a l  and t h e o r e t i c a l l y  c a l c u l a t e d  v a l u e s  
have been d i s c u s s e d  r e c e n t l y  (17 ) .  

S ince  t h e  expe r imen ta l  i n t e n s i t i e s  f o r  

The 

Low-Temperature Ox ida t ion  of Coal 

During t h e  o x i d a t i o n ,  t h e  fo l lowing  changes i n  t h e  r e f l e c t i o n  s p e c t r a  
(F igu re  8 )  a r e  observed:  
i n t e n s i t y  of t h e  band a t  1440 cm-I d e c r e a s e s .  
o x i d a t i o n  p r o d u c t s ,  such  a s  carbonyl  and carboxyl  g roups  (band a t  1700 cm-l), 
ion ized  -COO- g roups  (band a t  1550 cm-') and C-0 groups  i n  e t h e r ,  a l c o h o l  o r  
phenyl (band a t  1180 cm-l),  a r e  formed whi l e  t h e  a l i p h a t i c  groups  (band a t  
1440 cm-l) p r e s e n t  i n  t h e  c o a l  a r e  ox id i zed .  

t h e  bands a t  1700, 1555 and 1180 cm-I appear  and t h e  
These r e s u l t s  i n d i c a t e  t h a t  t h e  

The band a t  1700 c m - l  is markedly d i s t o r t e d  due t o  t h e  anomalous 
d i s p e r s i o n  of t h e  r e f r a c t i v e  index  of t h e  o x i d a t i o n  p roduc t s .  Notably ,  band 
shape  d i s t o r t i o n  when u s i n g  t h e  r e f l e c t i o n  method h a s  a l s o  been r epor t ed  ( 1 9 ) .  

For p - p o l a r i z a t i o n  a t  a 70-degree ang le  of i nc idence ,  p o s i t i v e  a b s o r p t i o n  
bands in  t h e  spec t rum a r e  observed .  However, f o r  t h e  o t h e r  measurement 
c o n d i t i o n s ,  i . e . ,  d i f f e r e n t  a n g l e s  and p o l a r i z a t i o n ,  on ly  n e g a t i v e  absorbances  
a r e  recorded  ( F i g u r e  8 ) .  Hence, f o r  ox id i zed  c o a l  samples ,  t h e  nega t ive  and 
p o s i t i v e  a b s o r p t i o n  bands appeared  a t  t h e  same ang le  of i nc idence  and 
p o l a r i z a t i o n  as  was found f o r  t h e  adso rp t ion  l a y e r  from s o l u t i o n  (F igu res  4 
and 6 ) .  

The barium hydrox ide - t r ea t ed  ox id ized  c o a l  sample shows i n t e n s e  
a b s o r p t i o n  bands a t  1550 and 1400 cm-I (F igu re  9 ) .  
a s s igned  t o  asymmetric and symmetric s t r e t c h i n g  v i b r a t i o n s  of t h e  COO group, 
r e s p e c t i v e l y .  A n o t a b l y  s t r o n g  i n c r e a s e  i n  t h e  i n t e n s i t i e s  of t h e s e  bands is 
due t o  t h e  change o f  t h e  -COOH groups  t o  t h e  ion ized  -COO- form. 

These bands can be 

A s i g n i f i c a n t  i n c r e a s e  i n  t h e  i n t e n s i t y  of t h e  band a t  1555 cm-I a f t e r  
o x i d a t i o n  ( F i g u r e  8 )  r e l a t i v e  t o  t h e  band a t  1440 cm-l cou ld  i n d i c a t e  t h a t  
t h e  i o n i c  groups  -COO- which a r e  formed d u r i n g  t h e  o x i d a t i o n  p r o c e s s  a r e  
o r i e n t e d  w i t h  bo th  of t h e  oxygen atoms o r i e n t e d  toward the  ambient ( a i r ) .  
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CONCLUSIONS 

The i n f r a r e d  r e f l e c t i o n - a b s o r p t i o n  spec t roscopy (IRAS) method has  been 
developed f o r  c h a r a c t e r i z i n g  t h e  s u r f a c e  l a y e r  on c o a l .  The absorbance  is 
shown t o  be a f u n c t i o n  of t h e  o p t i c a l  p r o p e r t i e s  of  t h e  c o a l  and t h e  s u r f a c e  
l a y e r ,  as w e l l  a s  of t h e  a n g l e  o f  inc idence  and t h e  p o l a r i z a t i o n  o f  t h e  
i n c i d e n t  beam. 

The r e s u l t s  ob ta ined  show t h a t  t h e  IRAS method makes it p o s s i b l e  t o  
de te rmine  both  t h e  chemical  n a t u r e  and t h e  s t r u c t u r e  of t h e  adsorbed l a y e r s  on  
t h e  c o a l  s u b s t r a t e .  
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Figure 1. Electric field vectors in a three-phase 
system. Parallel (p) (Ellz. E l l x )  and perpendicular 
(Ely) components are shown for incident radiation. 
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Figure 2. Transmission spectrum o€ 
Pittsburgh seam coal. 

I . , . . , , , moo moo 16w 12cC cm-l I 

Figure 3. Transmission spectrum of 
nonylphenolpolyethyleneglycol ether. 
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